We report the results of a Born-Oppenheimer molecular dynamics study on an L-alanine amino acid in neutral aqueous solution. The whole system, the L-alanine zwitterion and 50 water molecules, was treated quantum mechanically. We found that the hydrophobic side chain (R ) CH 3 ) defines the trajectory path of the molecule. Initially fully hydrated in an isolated droplet of water, the amino acid moves to the droplet's surface, exposing its hydrophobic methyl group and R-hydrogen out of the water. The structure of an L-alanine with the methyl group exposed to the water surface was found to be energetically favorable compared to a fully hydrated molecule. The dynamic behavior of the system suggests that the first hydration shell of the amino acid is localized around carboxylate (CO 2 -) and ammonium (NH 3 + ) functional groups; it is highly ordered and quite rigid. In contrast, the hydration shell around the side chain is much less structured, suggesting a modest influence of the methyl group on the structure of water. The number of water molecules in the first hydration shell of an alanine molecule is constantly changing; the average number was found to equal 7. The molecular dynamics results show that L-alanine in water does not have a preferred conformation, as all three of the molecule's functional sites (i.e., CH 3 , NH 3 + , CO 2 -) perform rotational movements around the C R -site bond.
Introduction
The most biologically relevant form of amino acids is the zwitterion, as this is their most abundant form in living organisms: amino acids are synthesized in the zwitterionic form and are essentially always in this form at neutral pH. 1, 2 Zwitterionic species of amino acids have both a positively charged ammonium group (NH 3 + ) and a negatively charged carboxylate group (COO -). They are the dominant form in aqueous solution over a wide range of pH. 3 In contrast, in the gas phase, where interactions with environment are not present, amino acids are mostly in their neutral nonionic form. [4] [5] [6] The fact that amino acids are not zwitterions in the gas phase, but are in water, implies that interactions with the water environment are a key determinant of the stable zwitterionic structure. Water is essential for all known forms of life, and a complete understanding of hydration effects is one of the major problems in biology. In this work, we focus on one example of the dramatic effect of water on amino acids, namely, the solvation of a single L-alanine (LA) molecule in a droplet of water. Alanine is the smallest chiral R-amino acid, with a nonreactive methyl group (-CH 3 ) as the side chain. It is one of the aliphatic amino acids that has the important property of not interacting favorably with water. 7 It is considered to be hydrophobic and is normally placed on the hydrophobicity scale after glycine, leucine, isoleucine, and valine. 8 L-Alanine conformers in aqueous media, isolated, and crystalline are shown in Figure 1 .
To study the effect of hydration, we used the densityfunctional theory Born-Oppenheimer molecular dynamics (DFT-BOMD) approach. The whole system, alanine and water molecules, was treated fully quantum mechanically. Within the scope of this work, we determine the structure and properties of the hydration shell around alanine and describe the zwitterion dynamics and its structural stability in a polar water environment. The motivation for this study arose for several reasons. It is now well-established that the effect of solvation has to be included in simulations to achieve physical meaningful results, 9 especially for vibrational spectra. [10] [11] [12] [13] Nevertheless, the Lalanine zwitterion in aqueous solution still remains poorly studied. Its structural parameters are known mainly from computational studies. 10, 12, 14 The widely used experimental zwitterionic structure of alanine, which is normally assumed to also be the structure in aqueous media, is derived from solidstate crystallographic data. However, the natures and origins of the zwitterionic form of alanine in a crystal and in water are different. 15 Infrared, Raman, and neutron scattering spectroscopic techniques have been used to provide information concerning the structure of the hydration shell and interactions between water and amino acid residues in alanine aqueous solutions, but the results are ambiguous. Hetch et al. observed correlations between solute-induced perturbations of the solvent structure and amino acid hydrophobicity. 16 Later, Ide et al. concluded, also on the basis of Raman spectroscopy, that the structure of water in solutions of various amino acids at neutral pH does not depend on the nature of the amino acid side chains. 17 Recently, Kameda et al. obtained data on the number of water molecules inside the hydration shell and nearestneighbor distances by means of neutron diffraction with the isotopic substitution technique. 18 They determined that the hydration numbers for the ammonium group differ for glycine and alanine, being 3.0 and 2.4, respectively, 18a,19 which means that amino acid hydration structure depends on the type of molecule. Several other experimental studies on the structural properties of water in aqueous solutions of amino acids exist. 20 The remaining information related to the structure and dynamic properties of amino acids in aqueous solutions comes predominantly from computer simulations. Structural parameters, vibrational spectra, and stabilities of zwitterions in aqueous media have been exhaustively studied using ab initio methods. 10-12,14,21-23 Empirical approaches have been used to study the dielectric properties of alanine in aqueous solution, 24 the hydration properties of the alanine side-chain analogue methane, 25 and the water distribution at the charged functional groups of the alanine zwitterion. 26 The lack of a first-principles study, which would fully cover the aspects of the dynamics of hydrated alanine amino acids, can be explained by the computational complexity of ab initio methods required to simulate systems with large numbers of atoms (Ehrenfest, Car-Parrinello, or firstprinciples Born-Oppenheimer MD simulations). Recently, an analysis of the conformational dynamics of an alanine dipeptide analogue in the gas phase 27 and a Car-Parrinello molecular dynamics study of the effect of protonation in a hydrated glycine molecule have been reported. 28 Apart from the computational complexity, explicit incorporation of limited quantities of solvent molecules into simulations entails a principle difficulty: one has to guess the number of water molecules and their positions and orientations around an amino acid. 29 Even for small systems, there must be a very large number of structures having local minima. One way to make an average over these orientations is to perform a full molecular dynamics simulation. Although first-principles molecular dynamics simulations are computationally costly, they have several advantages over empirical potential methods. Concerning amino acids, by treating the system quantum mechanically, we are able to directly observe a proton transfer, which can occur from the ammonium group to the carboxylate group or via water molecule(s). 21a The second advantage is related to the accuracy of first-principles methods. Instantaneous quantum electronic effects, such as polarization, correlation, and charge distortion, have a significant influence on the dynamic behavior. The widely used empirical force fields are not able to reproduce alanine dipeptide conformational changes 27 and fail to predict the hydration structure and dynamic properties of the COOfunctional group, which is a crucial part of zwitterion amino acids. 30 Here, we present Born-Oppenheimer molecular dynamics simulations of an L-alanine zwitterion solvated in water. This study is the first in which the whole system of relatively large size (the L-alanine amino acid and 50 water molecules) has been treated fully quantum mechanically. We performed simulations of the amino acid molecule in an isolated water droplet rather than in the bulk water; this allows the hydrophobic effect to be studied. In this work, the number of solvent molecules was sufficient to accommodate two solvation shells of an L-alanine amino acid molecule. The first hydration shell stabilizes the structure of a zwitterionic amino acid, and the second fully covers the amino acid molecule along with its first hydration shell.
Computational Methods and Structure
In this study, we considered the L isomer of alanine because this is the only natural form of alanine found in proteins. For the zwitterionic form of alanine, we started with the most energetically favorable conformer, as reported in recent computational studies. 31 Simulations were preformed in several steps: (i) initial system relaxation with a large number of water molecules using classical molecular dynamics (MD) simulations, (ii) structure optimization of an extracted alanine molecule with a limited number of the water molecules nearest to the alanine molecule, and (iii) density-functional theory Born-Oppenheimer molecular dynamics simulations starting from the minimum-energy structure of step ii.
As a first step, we performed classical atomic-scale MD simulations of an L-alanine molecule in a box of water with the use of an empirical force field to obtain an equilibrated starting structure for ab initio molecular dynamics simulations. Forcefield parameters for the L-alanine amino acid were taken from the full-atom Gromacs force field supplied within the GRO-MACS suite (ffgmx2 set). 32 The molecule of L-alanine was solvated in a box with 506 water molecules. Water was modeled using the simple point charge (SPC) model. 33 The MD simulations were performed for a total time of 100 ps in the NpT ensemble with temperature being kept constant using the Berendsen thermostat 34 with a coupling constant of 0.1 ps; temperature was set to 300 K. Pressure with a reference value of 1 bar was controlled by the Berendsen barostat with a coupling constant of 1.0 ps. 34 The Lennard-Jones interactions were cut off at 1 nm. For the long-range electrostatic interactions, we used the particlemesh Ewald (PME) method. 35 Both a neighbors list and the long-range interactions were updated every five time steps. All bond lengths of the amino acid were constrained using the LINCS algorithm, 36 and the SETTLE scheme 37 was used to constrain the water geometry. The time step used was 1 fs, and the simulations were performed using GROMACS. 32 The final structure after the 100-ps MD simulation run was then used for preparation of the initial structure of an L-alanine molecule in a droplet of water by removing water molecules that were farther than 6 Å from any atom of the alanine molecule. The radial distribution functions extracted from classical MD simulations showed that the structural influence of the zwitterionic form of alanine extends up to 5-5.5 Å from the molecule. In total, only 50 water molecules were eventually left around the L-alanine amino acid, which was a sufficient amount to form two hydration shells.
The first-principles calculations were carried out using a numerical atomic orbitals density-functional theory (DFT) approach 38 that was recently developed and designed for efficient linear scaling calculations in large systems and implemented in the SIESTA code. 39 We used the generalized gradient approximation (GGA) to DFT and, in particular, the exchange-correlation functional of Perdew, Burke, and Ernzerhof (PBE). 40 Mainly, the choice of this functional was based on its reliability in the description of hydrogen bonds. 41, 42 Only the valence electrons were considered in the calculation, with the core being replaced by norm-conserving scalar relativistic pseudopotentials factorized in the Kleinman-Bylander form. 43, 44 We used a split-valence double-basis set including polarization orbitals for all atoms, as obtained with an energy shift of 50 meV. 45 The integrals of the self-consistent terms of the KohnSham Hamiltonian were obtained with the help of a regular realspace grid on which the electron density was projected. The grid spacing is determined by the maximum kinetic energy of the plane waves that can be represented in that grid. In the present work, we used a cutoff of 150 Ry, which yields a spacing between the grid points of around 0.13 Å. We checked that the results were well converged with respect to the real-space grid and the range of the atomic orbitals.
To avoid interactions between a water droplet and its nearest periodic images, we used a large unit cell of size 19 × 22 × 24 Å (the supercell approach). The density-functional molecular dynamics simulation was extended for 40 ps, using a time step of 1 fs. Only the last 38 ps were then used for analysis. The simulations were performed in the microcanonical ensemble. After initial equilibration at 300 K, the temperature was no longer controlled to avoid nonphysical effects of a thermostat on the dynamics of the simulations. During the production run, the temperature of the system was 336.8 ( 18.4 K. The same methodology has successfully been used in recent studies of problems of biological relevance, including the modeling of proteins, DNA, and liquid water. 39b, 42, 46 For visualization and trajectory analysis, we used the Visual Molecular Dynamics package (VMD). 47
Results and Discussion
Zwitterion Trajectory and Dynamics. The total simulation time of 38 ps can be divided into two periods. The first 14 ps correspond to the situation when the alanine molecule is fully hydrated and stays inside the water droplet. In the second phase (last 22 ps), the alanine molecule is located at the droplet's surface, with its side chain exposed out of the droplet. The time interval of 2 ps in the middle can be considered as a transient state. The methyl group (the side chain of alanine) does not interact favorably with water because its free energy of solvation is positive: The entropy is large and negative because water is more ordered around the methyl group, and the enthalpy is small and also negative because of the formation of additional hydrogen bonds between water molecules surrounding the methyl group. Therefore, the system will try to minimize its free energy by pushing the hydrophobic side chain out of the water phase; this hydrophobic effect gives rise to the net force that defines the molecule's behavior inside the water droplet. The Kohn-Sham energy plot in Figure 2a justifies the existence of the above two parts of the simulation trajectory. The initially fully hydrated amino acid rotates and moves to minimize contacts of its hydrophobic methyl group and R-hydrogen with water. The energy of the first part steadily decreases as the molecule seeks the most favorable energetic state. The R-hydrogen is released first from the water droplet, with a corresponding energy drop at 14 ps. Then, shortly after the R-hydrogen, the methyl group is fully released at 16 ps. The energy peak at 17 ps corresponds to the R-hydrogen partially dipping back into the water shell, which is energetically costly. Eventually, the molecule adjusts itself in such a way that only the hydrophobic part is mainly out of the water droplet, while the charged carboxylate and ammonium groups remain fully in the water. Two minimum-energy states extracted from the simulation trajectory are shown in Figure 2b ,c (their energies are shown by the letters b and c in Figure 2a ). The energy of the first minimum (the alanine molecule is fully covered by water) was found to be up to ∼5 kcal/mol higher than that of the second minimum (the methyl group and R-hydrogen are exposed at the droplet's surface). Thus, the system state with hydrophobic groups exposed out of the water was found to be the most energetically favorable.
In general, we observed a rapidly fluctuating molecule, constantly changing its conformation. The O 1 C′C R H R , H 3 NC R H R , and H 5 C C R H R dihedral angles, plotted as a function of time in Figure 3 , indicate rotational motions of all functional sites, i.e., methyl, ammonium, and carboxylate groups, of L-alanine. Jump-like rotations of 120°were observed at least once for NH 3 and CH 3 sites over 38 ps of simulation time, whereas the CO 2 group was found to rotate mostly gradually, with a 60°jump occurring only once; the gradual rotational motions occurred in both the clockwise or counterclockwise directions. Furthermore, our simulations suggest that, at room temperature, none of the observed conformations of the carboxylate group can be considered as more preferable than the others. However, the ammonium and methyl group prefer to stay in an almost staggered conformation with respect to H R and in an unstaggered (eclipsed) conformation with respect to each other.
First Hydration Shell.
We define the first hydration shell as a set of solvent molecules explicitly interacting with a solvated molecule. For an L-alanine zwitterion, the first hydration shell is defined as a network of hydrogen-bonded water molecules explicitly interacting with carboxylate, ammonium, and methyl sites. Hydration shells around the three groups constitute the first hydration shell of an alanine amino acid molecule.
Water Structure around Charged Groups: Stable Zwitterion. An alanine zwitterion in the gas phase is unstable. We were not able to witness a stable zwitterion form in the absence of water molecules: For all starting geometries, the L-alanine amino acid adopted conformations in which the acidic carboxylate group received a proton from the basic ammonium group and the molecule became nonionic (NH 3 + ‚‚‚COO -f NH 2 ‚‚‚COOH). Similar results were found in previous ab initio simulations 10,21a and were also reported for glycine. 48 In contrast, molecular transformations from the zwitterion to the neutral form were not observed throughout the entire 38 ps of the production run of our simulations of an alanine molecule in a water droplet. Essentially, the polar water molecules around the charged groups stabilize the L-alanine zwitterion, preventing a proton of the ammonium group from transferring to the carboxylate group. The fact that an alanine zwitterion is stable in the presence of water implies that interactions with the solvent are the key determinant of its stability.
The minimum number of water molecules required to stabilize a zwitterion of an amino acid has been predicted to range from 2 to 6 for glycine 49 and to be 2 or 4 for alanine. 10,21a According to a recent neutron diffraction study of aqueous alanine solutions, the total number of water molecules within the first hydration shell of an alanine molecule can be estimated to be roughly 8-9; 18a most of the water molecules (6-7 of the 8-9) hydrate charged groups. Thus, for full hydration of the carboxylate and ammonium functional groups of an alanine amino acid molecule, one needs more water molecules than is required just to keep the zwitterion stable.
The preferred number of water molecules in the amino acid's hydration shell can be attributed to the propensity of its functional groups to form hydrogen bonds. The radial distribution functions (RDFs) calculated from the first 14 ps of the molecular dynamics trajectory (when the alanine molecule is fully hydrated) for the (N) Figure 4a ,c) suggest a highly structured first solvation shell around the charged groups. The water molecules around both charged sites take preferred orientations in which an oxygen atom of each water molecule near the ammonium group faces toward the ammonium hydrogen atom(s) and each hydrogen atom of the water molecules near the carboxylate group faces toward the carboxylate oxygen atom(s). The distances between the (N)H 3 and O w atoms and between the (C)O 2 and H w atoms, the values at the peaks of the (N)H 3 -O w and (C)O 2 -H w RDFs, were found to equal 1.74 Å. The results of our simulations are in good agreement with data obtained in several neutron diffraction experiments. 18, 50 Corresponding values of the peaks and minima are summarized in Table 1 ; available experimental values are included in parentheses. A water molecule is defined to be inside the first hydration shell if the distance between its oxygen atom and the ammonium hydrogen or carboxylate oxygen atom falls within the first peaks of the corresponding (N)H 3 -O w or (C)O 2 -O w RDF, respectively. The first minima of these distributions are considered as hydration radii. Integration over the first peaks, up to hydration radius, yields the hydration numbers, i.e., the numbers of water molecules inside the hydration shells: 2.76 for the NH 3 + group [integrated over the (N)H 3 -O w RDF to r ) 2.37 Å] and 4.06 for the CO 2 -group [integrated over the (C)O 2 -O w RDF to r ) 3.04 Å]. The hydration number for the ammonium group is slightly larger than the value reported for alanine (2.4); 18a on the other hand, this value is smaller than that reported for glycine (3.0). 19 In addition to the RDFs for a fully hydrated molecule, we calculated RDFs for the second phase of the molecular dynamics simulation (16-38 ps), when the alanine side chain is exposed at the surface of a droplet, depicted with blue lines in Figure 4 . the first peaks and minima of the RDFs for the ionic ends with water practically coincide with those of a fully hydrated molecule. This leads us to the conclusion that an alanine molecule, being a zwitterion, always has a highly ordered hydration shell around its charged groups, regardless of whether its side chain is surrounded by solvent molecules. The difference between the two phases becomes visible in the second hydration shell around the charged groups, corresponding to the decrease in the number of surrounding water molecules due to the proximity of the water droplet surface.
Note that, in the molecular conformation shown in Figure  1a , atoms H 3 and O 1 often have the possibility of sharing the same water molecule. We found that ionic groups were bridged by such "shared" water molecules for about 12% of the full simulation time. Thus, the total average number of water molecules involved in the carboxylate-ammonium hydration shell was found to be 6.71, which is smaller than the simple sum of the corresponding hydration numbers of the two charged groups (6.82) because of the existence of shared water molecules.
Hydration Structure around the Methyl Group and r-Hydrogen. To investigate the hydration structure around the methyl side chain, we used only the first 14 ps of trajectory (i.e., when the molecule is fully in water). The corresponding RDFs for the C -O w , C -H w , (C)H 3 -O w , (C)H 3 -H w , H R -O w , and H R -H w pairs are shown in Figure 5 . In contrast to the carboxylate and ammonium groups, the (C)H 3 -O w and (C)H 3 -H w RDFs demonstrate less pronounced, wider peaks and degradation of minima, which are an indication of rather disordered shells of water.
The RDFs for H R and the water atoms show practically random hydration shells (Figure 5c ). However, in both cases, our results indicate a preferred orientation of the water molecules in which the oxygen atoms face toward the R-hydrogen and the methyl hydrogen atoms. The number of possible water molecules inside the methyl hydration shell is 12.27 (integration of the C -O w distance distribution to 4.6 Å), which is close to the value calculated for the methyl group of a alanine dipeptide. 51 In experimental studies, the number of water molecules restrained on methyl side chain was found to be about 2 (we note, however, that, in ref 20b, the methyl side chain size was claimed to be too small for the microwave dielectric method). 18a,20b Figure 6 presents the evolution of the number of water molecules within a distance of 4.6 from the carbon atom of the methyl group. The distance is considered as a hydration radius. One can see a sharp drop in the number of water molecules at about 14-16 ps, which corresponds to the time at which the methyl group and R-hydrogen are exposed at the droplet's surface.
The (C)H 3 -O w nearest-neighbor distance of 3.18 Å (see Table 1 ) prevents the existence of hydrogen bonding mentioned by Kameda et al. 18a A corresponding distance predicted in neutron diffraction experiments 18a was found to be 2.58(1) Å, i.e., close to the sum of the van der Waals radii of hydrogen and oxygen atoms (2.6 Å); this suggests a weak interaction between the methyl group and the solvent molecules. The hydrogen-bond properties of the C-H‚‚‚O type of interactions were established long ago, although a methyl group is classified as one of the weakest C-H donors. 52 Accurate MP2 simulations of the methane‚‚‚water complex give two minimum-energy structures that can be identified as the C(sp 3 )-H‚‚‚O w and O w -H w ‚‚‚C(sp 3 ) forms with corresponding binding energies of -0.49 and -0.78 kcal/mol, respectively. 53 Having all this in mind, one can expect some weak ordering in the hydration shell around the methyl group within the hydrogen-bonding range (up to ∼3.2 Å). 52 However, with the exception of a preferred orientation (water oxygen atoms face toward methyl hydrogen atoms), we were not able to observe any highly structured hydration shells around the L-alanine methyl group. Furthermore, the (N)H 3 -O w and (C)O 2 -O w RDFs presented in Figure 3 indicate hydration structure perturbations in the second hydration shell. Our results support the Raman spectroscopy study performed by Ide et al. on aqueous solutions of various amino acids (including L-alanine), 17 which suggested that perturbations of the structure of water due to interactions between amino acids and water molecules were localized around the ammonium and carboxylate functional groups and that the structure of water was only slightly affected by the side chains. Also, neutron diffraction measurements on a solution of tertiary butanol in water demonstrated that there was no significant perturbation of the water structure in the first hydration shell of a nonpolar group as compared to that in liquid water. 54 In general, the results presented for the methyl functional site are less definitive than those for ionic moieties. The computational technique used in this study, particularly the PBE exchange-correlation functional, is definitely adequate for describing mutual interactions of water molecules and interactions with ionic ends. However, it is known to be less accurate for the weak water-methyl interactions. For instance, for N,Ndimethylformamide dimers that are bonded only by CH‚‚‚O hydrogen bonds, the PBE functional tends to underestimate the association energy in the range of ∼1.5-5 kcal/mol as compared to the results of MP2 calculations with a large basis set. 41a Similarly, the energy difference between the fully hydrated state and the state with a methyl group exposed at the surface cannot be defined exactly. Nevertheless, this does not change the essence of dynamics.
Hydration Shell Properties. The distribution of the hydration numbers (see Figure 7) shows that the possible numbers of water molecules within the hydration shells of ammonium and carboxylate groups can vary from 1 to 4 and from 2 to 6, respectively. We also observed the ability of a water molecule from the first hydration shell to be trapped in the second hydration shell and then to be replaced by another water molecule. Frimand et al. made similar observation; 12 however, because of the small number of water molecules in the hydration shell, those authors were not able to detect the replacement. During the course of the simulation, every second water molecule (26 of the total of 50) entered the first hydration shell at least once. Moreover, all water molecules that were initially in the first hydration shell moved to bulk water.
To characterize the dynamic properties of water molecules in the first hydration shell, we calculated their diffusion coefficients. In Figure 8 , we present mean-square displacements calculated over the full trajectory for water molecules within the first hydration shell and in the bulk. The diffusion coefficient of the water molecules in the first hydration shell was found to be about 2.2 times smaller than that of the water molecules in the bulk.
These results strongly suggest that water inside the first hydration shell is no more than half as mobile as water in the bulk. Thus, the hydration shells around the ionic ends of an alanine molecule are relatively rigid.
Hydrogen-Bonding Interactions. Hydrogen-bonding interactions between an L-alanine zwitterion molecule and its hydration shell are the main factor that makes the zwitterion stable. We adopted a geometric definition of a hydrogen bond according to which a hydrogen bond between a water molecule and an amino acid site exists if the donor (D)‚‚ acceptor (A) distance is no larger than the corresponding hydration radius (the first minimum of the corresponding RDF) and if the angle D-H‚‚‚A is simultaneously in the range of 120-180°(see Figure 9 ). The hydration radii for the ammonium and carboxylate groups are reported in Table 1 . We intentionally used a wider than generally accepted angle range (150-180°) to take into account the case when a donor is hydrogen-bonded to two acceptors (a bifurcated bond) or each acceptor is bonded to two donors. The distribution of hydrogen-bond angles shown in Figure 9 demonstrates a number of possibilities. To interpret this distribution properly, one must apply the "cone correction." 55 The plot on the right-hand side of Figure 9 , where the weighting function 1/(sin θ) was employed as a correction, shows that linear contacts are preferred, as one must expect from electrostatic interactions. 56 By employing the above-mentioned hydrogen-bond parameters, we found that a water molecule inside the first hydration shells of the corresponding charged groups is hydrogen-bonded on average for 96.5% and 98.2% of the full simulation time for NH 3 + and CO 2 -, respectively.
Conclusions
In this work, we focused on one of the most intriguing examples of the dramatic effect of water on biological molecules, namely, the behavior of a stable zwitterion of the amino acid L-alanine in aqueous media. We employed ab initio molecular dynamics simulations in which a fully hydrated amino acid with a solvation shell of 50 water molecules was treated quantum mechanically. In contrast to a number of static ab initio calculations of amino acids surrounded by a limited amount of water molecules, the molecular dynamics approach allows us to avoid the problem of "intuitive" positioning of the solvent species. Our simulations showed that, inside the water droplet, the hydrophobic side chain (methyl group) and R-hydrogen atom of L-alanine define the trajectory path: an initially fully solvated molecule tends to find its way to the surface of the hydration shell. Correspondingly, the structure of an alanine molecule with its methyl group and H R exposed at the droplet surface was found to be more energetically favorable than the fully hydrated state. Our simulations suggest that, at room temperature, none of the observed conformations of the carboxylate group can be considered as more preferable than the others. One of the major results of this work is that the structure of the first hydration shell of an alanine amino acid molecule is defined by the ammonium and carboxylate functional groups. The hydration structure around the methyl group has a rather limited influence on nearby water molecules. The first hydration shell was found to consist of seven water molecules (on average) explicitly bonded to the ammonium and carboxylate functional groups by hydrogen bonds. The water molecules of the first hydration shell were found to be considerably less mobile than those in the bulk because of explicit interactions with the amino acid. These interactions make the first hydration shell rather rigid and well structured. In general, the long molecular dynamics simulations have supported the known fact that interactions with water are the key determinant of the stable zwitterionic structure of amino acids in aqueous solution.
Undoubtedly, computer simulation methods currently have important predictive power and play a key role in understanding biological processes. Although many of these processes involve long time and length scales and therefore can be handled only by simulations at the empirical potential level, first-principles simulations are very much needed in this area. Our work is an example of how linear scaling quantum mechanical techniques can successfully be applied to biologically relevant problems in rather large and complex systems. 
